In a classical Bardeen-Cooper-Schrieffer superconductor, pairing and coherence of electrons are established simultaneously below the critical transition temperature (T c ), giving rise to a gap in the electronic energy spectrum. In the high-T c copper oxide superconductors, however, a pseudogap 1-8 extends above T c . The relationship between the pseudogap and superconductivity is one of the central issues in this field [9] [10] [11] [12] [13] [14] [15] [16] [17] . Spectral gaps arising from pairing precursors are qualitatively similar to those caused by competing electronic states, rendering a standard approach to their analysis inconclusive [10] [11] [12] [13] [14] [15] [16] . The issue can be settled, however, by studying the correlation between the weights associated with the pseudogap and superconductivity spectral features. Here we report a study of two spectral weights using angle-resolved photoemission spectroscopy. The weight of the superconducting coherent peak increases away from the node following the trend of the superconducting gap, but starts to decrease in the antinodal region. This striking non-monotonicity reveals the presence of a competing state. We demonstrate a direct correlation, for different values of momenta and doping, between the loss in the low-energy spectral weight arising from the opening of the pseudogap and a decrease in the spectral weight associated with superconductivity. We therefore conclude that the pseudogap competes with the superconductivity by depleting the spectral weight available for pairing.
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In a classical Bardeen-Cooper-Schrieffer superconductor, pairing and coherence of electrons are established simultaneously below the critical transition temperature (T c ), giving rise to a gap in the electronic energy spectrum. In the high-T c copper oxide superconductors, however, a pseudogap [1] [2] [3] [4] [5] [6] [7] [8] extends above T c . The relationship between the pseudogap and superconductivity is one of the central issues in this field [9] [10] [11] [12] [13] [14] [15] [16] [17] . Spectral gaps arising from pairing precursors are qualitatively similar to those caused by competing electronic states, rendering a standard approach to their analysis inconclusive [10] [11] [12] [13] [14] [15] [16] . The issue can be settled, however, by studying the correlation between the weights associated with the pseudogap and superconductivity spectral features. Here we report a study of two spectral weights using angle-resolved photoemission spectroscopy. The weight of the superconducting coherent peak increases away from the node following the trend of the superconducting gap, but starts to decrease in the antinodal region. This striking non-monotonicity reveals the presence of a competing state. We demonstrate a direct correlation, for different values of momenta and doping, between the loss in the low-energy spectral weight arising from the opening of the pseudogap and a decrease in the spectral weight associated with superconductivity. We therefore conclude that the pseudogap competes with the superconductivity by depleting the spectral weight available for pairing.
The traditional approach of using spectral features measured by angle-resolved photoemission spectroscopy (ARPES) to determine whether or not the pseudogap consists of a state of preformed pairs has failed to yield conclusive results [10] [11] [12] [13] 15, 16 because the spectral gaps due to, for example, states with charge or spin order can have spectral features qualitatively similar to those characterizing a paired state: back-bending of the dispersion 15 and a symmetric gap 16 . For example, gaps at points on the Fermi surface connected by a density-wave ordering vector are particle-hole symmetric, just as in the case of a pairing gap 16 . The distinguishing factors are subtle, quantitative details such as the precise location of the gap minimum and the degree of symmetry of the spectral function about the chemical potential (m). Because pairing always leads to a particle-hole-symmetric gap at all points on the Fermi surface 15 , the asymmetry of the pseudogap away from the antinodes reported in ref. 16 seems to contradict the data in ref. 15 and a pairing origin of the pseudogap in that region of momentum space.
Although the presence of a Bardeen-Cooper-Schrieffer-like superconducting gap that closes at T c was unambiguously demonstrated in the nodal regions 11, 12 , the question about the relationship between the pseudogap and superconductivity was left unanswered owing to the very limited data available in the antinodal region. Similarly, the muon spin relaxation results 14 suggested that the temperature dependence of the superfluid density in optimally doped (Bi,Pb) 2 (Sr,La) 2 CuO 61d (Bi2201) is inconsistent with a fully gapped Fermi surface, but did not show what caused this behaviour, and no connection to the pseudogap was established because muon spin relaxation is a momentum-integrated technique.
Superconductivity in the copper oxides manifests itself in the appearance of a narrow peak in the ARPES spectra 18, 19 , whereas the pseudogap depletes the low-energy spectral weight below the pseudogap energy [2] [3] [4] 12 . In Fig. 1 we examine the temperature dependence of the spectral line shape in overdoped Bi2201 (T c 5 29 K). Above the pseudogap temperature (T* < 110 K), the symmetrized EDCs 4 show a peak centred at m, consistent with the metallic state of the sample. On cooling below T*, the low-energy spectral weight for the energies in the range from 220 to 20 meV decreases, leading to a characteristic dip that signifies the opening of an energy gap, as shown in Fig. 1d . As the temperature is decreased below T c , a small but very sharp peak with a width of ,10 meV appears at an energy of 215 meV (Fig. 1e) . The intensity of this peak increases as temperature decreases. This peak appears below T c and no significant changes in the spectral line shape are observed in this energy range above T c , as in Bi2212 (ref. 18) .
Whereas ARPES measures the single-particle spectral function, it is experimentally well established that the temperature dependence of the weight of the coherent peak is related to that of the superfluid density, a two-particle response function that reflects the robustness of superconductivity 20, 21 . Additional evidence supporting this is provided in Fig. 2i , where we compare the doping dependence of the weight of the coherent peak integrated over the Fermi surface with the superfluid density measured in Bi2201 using muon spin relaxation 14, 22 .
To conduct a quantitative analysis of the spectral weight, we subtract from each EDC in Fig. 1d and Fig. 1e an EDC obtained at T* (110 K) and one obtained slightly above T c (41 K), respectively. The results are shown in Fig. 1f , g. From this data, we can extract the respective fractions of the spectral weight lost because of the opening of the pseudogap (W PG ) and the coherent spectral weight (W CP ). These are plotted in Fig. 1h , i, with the associated areas defined in the insets. We use this method to examine the momentum dependence of both quantities by plotting in Fig. 2a , c, e the symmetrized EDCs below and above T c (at 11 K and 40 K), measured around the Fermi surface for slightly overdoped (OD29K), optimally doped (OP35K) and underdoped (UD23K) Bi2201, which have respective T c s of 29 K, 35 K and 23 K. The evolution of the coherent peak around the Fermi surface ( Fig. 2g) can be visualized by plotting the difference between the EDCs below and above T c , as shown in Fig. 2b, d , f. The weight of the coherent peak has a very unexpected momentum dependence, which varies significantly with doping. In the overdoped sample (Fig. 2b) , the weight of the coherent peak increases away from the node (top curve) and saturates near the antinode (bottom curve). By contrast, in the optimally and underdoped samples (Fig. 2d , f, respectively) W CP is highly non-monotonic. It initially increases away from the node, just as in the overdoped case, but then is abruptly suppressed in the antinodal region. This is quite striking, as in all our samples the magnitude of the spectral gap (the overall gap obtained from the peak position) is monotonic (Fig. 3a-c) ; the weight of the coherent peak might therefore be expected to remain constant or to increase monotonically around the Fermi surface with the largest value at the antinode for all dopings.
We quantify these results by plotting W CP for the three samples as a function of Fermi angle, w, in Fig. 2h . We note that the coherent peak is present at the antinode in optimally and overdoped Bi2201 samples, consistent with previous results 19 . Our measurements reveal that suppression of the coherent peak near the antinode (w 5 0) occurs even in the overdoped samples and becomes stronger with underdoping. This remarkable non-monotonicity and suppression of the weight of the coherent peak is our most significant experimental observation. Because the size of the d-wave superconducting gap is a monotonic function of momentum between the node and antinode, the momentum dependence of the weight of the coherent peak can only be explained by the presence of a state that competes with superconductivity in those regions near the antinode.
We now identify this state. In Fig. 3 a-c, we plot the momentum dependence of the spectral gap below and above T c . The spectral gap has two components 12 : a d-wave superconducting gap and a pseudogap. In optimally and underdoped samples, the pseudogap dominates the spectra in the antinodal regions 12 . In Fig. 3 d-f, we plot W PG as extracted from the data in Fig. 2a , c, e (see Fig. 1h inset) and compare its momentum dependence with that of W CP for the three dopings. W PG is zero near the node for all three dopings because the Details of the symmetrization and normalization procedures are provided in Supplementary Information. Location of the Fermi momentum (k F ) for all our data was determined using the peak position of the momentum dispersion curves. The x and y axes lie along the Cu-O bond directions; a, lattice parameter. a, Schematic diagram of the Brillouin zone. The red line indicates the cut along which the data in b and c was acquired. The open circle indicates the antinodal point where the data in d and e was acquired. k x and k y , components of momentum. b, c, ARPES intensity plots (colour bar shows intensity, increasing from bottom to top), along the cut indicated in a, above (b) and below (c) T c . The presence of the coherent peak in the superconducting state is evident as a sharp line of strong intensity at 215 meV. d, Temperature dependence of the symmetrized energy dispersion curves (EDCs) at antinodal k F in the pseudogap state. A single peak at the chemical potential is present at 110 K, which corresponds to T*. e, Temperature dependence of the symmetrized EDCs at the antinodal k F in the superconducting state and slightly above T c . Note that the coherent peak appears only below T c and that spectra in this energy range are essentially independent of temperature above T c . Insets in d and e show the same data over a wide energy range. f, Difference spectra obtained by subtracting the EDC at T* 5 110 K from the curves in d. g, Difference spectra obtained by subtracting the EDC at 41 K from the curves in e. h, i, Temperature dependences of the low-energy spectral weight lost in the pseudogap state (W PG , h) and the weight of the coherent peak (W CP , i), as fractions of the total area of the symmetrized EDCs in the range 20.3 eV to 0.3 eV (Supplementary Information). We note that W PG is a linear function of temperature below T*, whereas W CP is zero above T c and increases with decreasing temperature only below T c . We note that, by itself, the difference in temperature dependence between W PG and W CP does not provide information about the relationship between the pseudogap and superconductivity. Error bars reflect the maximum uncertainty due to normalization. a.u., arbitrary units.
superconducting gap closes at T c , creating a Fermi arc. W PG increases towards the antinode and reaches a maximum there. This behaviour contrasts with that of W CP . In fact, consistently for all dopings, the onset of the suppression of W CP coincides with the increase of the weight lost to the pseudogap. To examine the relationship between the two quantities in more detail, we plot W CP versus W PG (Fig. 3g) . Surprisingly, we find an almost perfect linear anticorrelation between the two quantities in all three samples. A similar anticorrelation can be also demonstrated as a function of doping. In Fig. 3h , we plot the ratio of the coherent spectral weight to the total change in the spectral weight (W CP 1 W PG ). Here the angle w, where the pseudogap suppresses the coherent component, decreases, as both the pseudogap and T* become larger; this is clear evidence that the pseudogap competes with superconductivity for the low-energy spectral weight, causing a shrinkage of the coherent part of the Fermi surface as carrier concentration decreases. This explains the unusual temperature dependence of the superfluid density reported in recent muon spin relaxation measurements 14 on the same samples, as well as the suppression of the coherent peak at the antinode in Bi2212 (ref. 10 ).
In Fig. 4 , we sketch the anticorrelation between the pseudogap and the coherent peak in momentum space. An obvious reason for the superconductivity and pseudogap state to compete is that they are due to different microscopic interactions. However, another explanation is possible. The same microscopic interaction that provides the pairing mechanism may also lead to a competing state in which the coherent quasiparticle weight and superconductivity are suppressed. A classical analogue is that, although the electron-phonon coupling gives rise to conventional superconductivity, if it increases it leads to the formation of polaronic states or chargedensity order that competes with the superconductivity. We note that pseudogap formation owing to preformed Cooper pairs 1, 15, 16, 23 is clearly inconsistent with our results. In that case, a spectrum with a pseudogap above T c should transform into that of a fully coherent superconductor below T c , in contradiction to our findings. Similarly, in the resonating-valence-bond picture 8 , at least in its most elementary version, the superconducting coherency should be positively correlated with the pseudogap behaviour. Instead, our data demonstrate that the pseudogap is due to the formation of a competing state such samples. Low-energy spectral weight loss in the pseudogap state was obtained by subtracting spectra measured above T* from those obtained at 40 K and then integrating over an energy range where the difference was negative (see Fig. 1h inset) . For the OD29K, OP35K and UD23K samples, the values of T* were respectively 110 K, 130 K and 240 K (see Supplementary Fig. 1 ). The arrows indicate the w range of the coherent Fermi surface (that is, where the weight of the coherent peak dominates over the pseudogap weight). We note that this range shrinks with underdoping. g, Plot of W CP versus W PG , demonstrating the anticorrelation between the two quantities. The data points correspond to the range of Fermi angles, where weight lost to the pseudogap is finite: w , 15u for OD29K, w , 25u for OP35K, w , 30u for UD23K. h, Ratio of W CP to the total change in the spectral weight (W CP 1 W PG ) for the three doping levels. Error bars in d-h reflect the maximum uncertainty due to normalization. 
